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INORGANIC NANOPARTICLE MATRICES
FOR SAMPLE ANALYSIS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. provisional appli-
cation Ser. No. 60/476,718, filed Jun. 6, 2003.

TECHNICAL FIELD

The present invention relates generally to instrumentation
tor the characterization and analysis of molecular 1ons based
at least on their structures and mass-to-charge ratios as
gas-phase 1ons using an improved MALDI 1onization matrix
and combining this matrix with a MALDI-Ion Mobility-
orthogonal time of thght mass spectrometer. More specifi-
cally, to such mstrumentation which provides for rapid and
sensitive analysis of composition, sequence, and/or struc-
tural information relating to organic molecules, including
biomolecules, inorganic molecules, and biological fluids and
surfaces including blood, urine, saliva, and tissue samples.

BACKGROUND OF THE INVENTION

MALDI (matrix-assisted laser desorption 1onization)
mass spectrometry of biomolecular 1ons was {first demon-
strated 1n parallel efforts by Tanaka et al. using small metal
particles suspended 1n glycerol and by Karas and Hill-
enkamp (as well as Tanaka) using small organic acid mol-
ecules as matrices. In using either the particle matrices or the
small organic acid matrices the matrix performs the dual
function of both absorbing the laser light and 1omzing the
non-light absorbing analyte biomolecules through specific
and poorly understood chemical reactions. The particle
matrices actually perform yet a third function by physisorb-
ing the analyte from solution onto the particle surface. The
organic acid matrices met with greater success 1n the mar-
ketplace 1n part due to their ease of use over wider applicable
mass ranges for proteins and peptides. However, they are not
completely free of defects, the most notable being the
narrow band optical absorption of the excitation radiation,
and the non uniform distributed analyte during the co-
crystallization of matrix and analyte, and others.

Efforts to use the slurried small particles has languished in
all but a few laboratories primarily because of the funda-
mental problem that the adsorbed protein must also be
surrounded by just the right amount of glycerol (interest-
ingly, while other organics have been used in place of
glycerol, none appear to work nearly as well). The drying
process to establish the correct amount of glycerol 1s
dynamic under vacuum so that the “right amount™ 1s only
transitorily achieved. This leaves just a few minutes at a
specific time and place near the edge of the sample droplet
for acquisition of good spectra. Nevertheless the small metal
particulates, because of their flat optical absorbance over a
large range of wavelengths, have a huge potential advantage
over organic matrices because 1n principle a wider variety of
lasers can be used to perform the experiments. Shurenberg
has reviewed the literature and performed a number of
illuminating experiments, all of which establish the current
understanding of these nanoparticulate matrices. In sum-
mary, up to masses of around 13 kDa for proteins, the
particle/glycerol system will give identical spectra as
organic acid matrices (though with about an order of mag-
nitude less sensitivity). Above this mass range the slurried
particles cannot compete with the performance of chemical
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matrices. Any refractory particle seems to work—including
carbon nanosoot and titanium nitride—as long as the particle

s1ze 1s significantly below 1 micron and as long as glycerol
1s added.

The first use of fullerenes for laser desorption of biomol-
ecules 1mvolved applying the protein analyte solution
directly onto the pre-deposited fullerene film (L. Michalak,
K. Fisher, D. Alderdice, G. Willet, Rapid Commun. Org.
Mass Spectrom. 29, 512 (1994); F. Hopweed, L. Michalak,
D. Alderdice, K. Fisher, G. Willet, Mass Spectrom. 8, 881
(1994)). This technique suflered from low sensitivity and
presence of “hot spots” due to poor mixing of a non-polar
matrix and a polar analyte. However, the surface polarity of
fullerenes can be significantly increased by dernivatization
with a variety of functional groups. C, Tunctionalized with
(NHC(CH,OH),),, (C,H,SO;Na), (see J. Huang, L. Wang,
L. Chiang, J. Shiea, J. Fullerene Sci. Technol. 7, 541 (1999)),
and ((CH,),SO,) (see J. Shuea, J. Huang, C. Teng, J. Jeng,
L. Wang, L. Chiang, Anal. Chem. 75, 3587 (2003)) have
been shown to work as matrices for several amino acids,
peptides and proteins. High nanomole concentrations of
these soluble fullerenes were used either to mix with the
analyte solutions or to precipitate specific molecular frac-
tions from mixtures by binding with derivatized fullerenes.
A detection limit 1n the low picomole range was estimated.

Although the MALDI technique has greatly enhanced the
art of mass spectrometric analysis of biomolecules, there
remains much room for improvement. It would be desirable
to develop a particle based MALDI matrix that eliminates
the need for glycerol addition and the concomitant problems
associated with 1t. The 1deal particle matrix would include an
ellicient, broadband absorber to allow one to take advantage
of electromagnetic radiation sources, especially laser
sources operating at wavelengths other than 357 nm from a
nitrogen laser, covering a wide range of wavelengths. Work
by Hillenkamp and others has used pulsed intfrared lasers for
MALDI analysis of analytes such as peptides and oligo-
nucleotides codeposited with water. The water acts both as
matrix and proton donor and absorbs the pulsed IR laser
radiation to allow time of flight mass spectrometry of the
desorbed analyte. An eflicient particle matrix absorber
would also allow one to use low laser power excitation over
a wide, nonspecific spectral range. It would also permit the
use, by orders of magnitude, ol smaller molar ratio of
matrix/analyte than 1s possible now with small organic
matrices. Finally, it would be useful to employ such a matrix
in a mass spectrometric method having molecular shape
selectivity to 1sobaric matrix interference from the mass
spectrum of the analyte.

BRIEF SUMMARY OF THE INVENTION

The present mnvention 1s directed to a system and method
for the matrix-assisted laser desorption 1onization 10n mobil-
ity and mass spectrometric analysis of elemental and
molecular 1on species. The following numbered sentences
more readily describe the present invention.

In one aspect of the present invention there 1s a method of
preparing an analyte for analysis by laser desorption mass
spectrometry, the method comprising the step of: combining
the analyte with a matrix, the matrix comprising a native or
derivatized fullerene or an inorganic nanoparticle or any
combination thereof. In some embodiments, the native or
derivatized tullerene 1s selected from the group consisting of
native or dertvatized C, native or derivatized C,,, native or
derivatized C.., native or denivatized C,,, and any combi-
nation thereof. In some embodiments, the inorganic nano-
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particle 1s selected from the group consisting of nanopar-
ticles of titanium nitride, aluminum nitride, boron nitride,
carbonitride, carbon boron nitride, and any combination
thereof. In some embodiments, the 1norganic nanoparticles
comprise metal (the metal may be pure metal, a combination
of metals, or metal clusters, the latter being comprised of one
or more metal atoms or molecules). In some embodiments,
the metal 1s selected from the group consisting of gold, silver
molybdenum, copper, copper lithium alloy, platinum, clus-
ters thereof, and any combination thereof. In some embodi-
ments, the ratio of the matrix to analyte ranges from 10:1 to
1:10000. In some embodiments, the ratio of the matrix to
analyte ranges from 1:1 to 1:1000. In some embodiments,
the analyte comprises protein. In some embodiments, the
protein comprises antibodies or enzymes. In some embodi-
ments, the analyte comprises a component selected from the
group consisting ol nucleic acids, oligonucleotides, any
constituent components thereof, and any combination of the
foregoing. In some embodiments, the analyte comprises
lipoproteins. In some embodiments, the analyte 1s a lipid
selected from group consisting of phospholipids, ceramides,
derivatives thereol, and any combination of the foregoing. In
some embodiments, the analyte may comprise a component
selected from the group consisting of glycosylated proteins,
glycosylated lipids, lipopolysaccharides, glycans, and any
combination of the foregoing. In some embodiments, the
analyte comprises synthetic organic polymers, synthetic
inorganic polymers, or both. In some embodiments, the
analyte comprises small organic molecules, organometallic
molecules, or both. In some embodiments, the analyte
comprises a component selected from the group consisting
of herbicides, pesticides, explosives, pharmaceutical drugs,
and any combination thereof. In some embodiments, the
analyte 1s a drug of addiction. In some embodiments, the
drug of addition is selected from the group consisting of
cocaine, morphine, heroin, amphetamine and derivatives
thereof. In some embodiments, the derivatized fullerene 1s
derivatized with a chemical moiety. In some embodiments
having a chemical moiety, the chemical moiety 1s selected
from the group consisting nicotinic acid, benzoic acid,
pyrazinecarboxylic acid, vanillic acid, cinnamic acid, benzyl
alcohol, phenol, acetic acid, propionic acid, butyric acid,
valeric acid, derivatives thereof, and any combination of the
foregoing. In some embodiments, the chemical moiety 1s
selected from the group consisting of ethanol, propanol,
butanol, 1somers thereof, and any combination of the fore-
going. In some embodiments, the matrix comprises compo-
nents having acid functionalities, alcohol functionalities, or
both. In some embodiments, the acid or alcohol functional-
ities are further functionalized with alkali metal ions. In
some embodiments, a quaternary amine 1s attached by salt
formation to the matrix. In some embodiments having a
quaternary amine, the quaternary amine 1s acetylcholine or
ammonium hydroxide. In some embodiments, the combined
analyte and matrix comprises a solution, and the solution
turther comprises a bufler. In some embodiments having a
derivatized fullerene, the denivatized fullerene comprises a
tullerene derivatized on 1ts surface with a peptide sequence.
In some embodiments having a derivatized fullerene, the
derivatized fullerene comprises a fullerene derivatized on 1ts
surface with an epitope. In some embodiments having
tullerene, the fullerene 1s dernivatized with a biotin tag. In
some embodiments having derivatized fullerene, derivatized
tullerene 1s surface derivatized with acid functionality with
long chain fatty acids.

In another embodiment of the present mnvention, there 1s
a method of preparing an analyte for analysis by laser
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4

desorption mass spectrometry, the method comprising the
step of: mixing an analyte with matrix, said matrix com-
prising a native or derivatized fullerene, an inorganic nano-
particle, or a combination thereof; atomizing the mixture to
form aerosol droplets; and, depositing the aerosol droplets
on a sampling surface. In some embodiments, the analyte
and matrix are 1n separate solutions prior to said mixing step.
In some embodiments wherein the analyte and matrix are 1n
separate solutions prior to said mixing step, the separate
solutions are both aqueous solutions.

In another embodiment of the present invention, there 1s
a method of preparing an analyte for analysis by laser
desorption mass spectrometry, the method comprising the
step of combining the analyte with a matrix comprising a
native or derivatized nanotube. In some embodiments, the
nanotube 1s a native or derivatized single wall nanotube. In
some embodiments, the nanotube 1s derivatized with a
chemical moiety. In some embodiments, the ratio of the
matrix to analyte ranges from 10,000:1 to 1:100. In some
embodiments, the ratio of the matrix to analyte ranges from
100:1 to 1:100. In some embodiments, the analyte comprises
proteins. In some embodiments, the analyte 1s selected from
the group consisting of nucleic acids, oligonucleotides, any
constituent components thereof, and any combination of the
foregoing. In some embodiments having derivatized fuller-
ene, the derivatized fullerene 1s derivatized with a chemical
moiety. In some embodiments wherein the derivatized
tullerene 1s derivatized with a chemical moiety, the chemical
moiety 1s selected from the group consisting of nicotinic
acid, benzoic acid, pyrazinecarboxylic acid, vamllic acid,
cinnamic acid, benzyl alcohol, phenol, acetic acid, propionic
acid, butyric acid, valeric acid, derivatives thereof, and any
combination of the foregoing. In some embodiments, the
chemical moiety 1s selected from the group consisting of
cthanol, propanol, butanol, 1somers thereof, and any com-
bination the foregoing. In some embodiments, the matrix
comprises components having acid functionalities, alcohol
functionalities, or both. In some embodiments having acid
functionalities, alcohol functionalities or both, the acid or
alcohol functionalities are further functionalized with alkali
metal 1ons. In some embodiments, a quaternary amine 1s
attached by salt formation to the matrix. In some embodi-
ments having a quaternary amine attached by salt formation
to the matrix, the quaternary amine 1s acetylcholine or
ammonium hydroxide. In some embodiments, the combined
analyte and matrix comprises a solution, and said solution
further comprises a bufler. In some embodiments having
derivatized fullerene, the denivatized fullerene comprises a
tullerene derivatized on its surface with a peptide. In some
embodiments, the derivatized fullerene comprises a fuller-
ene derivatized on 1ts surface with an epitope. In some
embodiments, the fullerene 1s derivatized with a biotin tag.
In some embodiments, the fullerene surface 1s derivatized
with acid functionality with long chain fatty acids.

In another embodiment of the present invention, there 1s
a method of preparing an analyte for analysis by laser
desorption mass spectrometry, the method comprising the
step of mixing an analyte with matrix, said matrix compris-
ing a native or derivatized nanotube; atomizing said mixture
to form aerosol droplets; and, depositing the aerosol droplets
on a sampling surface. In some embodiments, the analyte
and matrix are 1n separate solutions prior to said mixing step.
In some embodiments having analyte and matrix are 1n
separate solutions prior to said mixing step, the separate
solutions are both aqueous solutions.

In another embodiment of the present invention, there 1s
a method for the laser desorption of analyte molecular 10ns
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from a sample, comprising the steps of combining the
analyte with a matrix which absorbs laser light, said matrix
comprising a component selected from the group consisting
of native fullerenes, derivatized fullerenes, native nano-
tubes, dertvatized nanotubes, 1norganic nanoparticles, and
any combination thereof; and, irradiating said combined
analyte and matrix with said laser light. In some embodi-
ments, the laser light comprises pulsed laser light. In some
embodiments, the pulsed laser light comprises pulsed laser
ultraviolet light. In some embodiments, the pulsed laser light
comprises pulsed visible light or pulsed infrared light. In
some embodiments wherein the analyte 1s combined with a
matrix and irradiated, the light 1s from a continuous radiation
source. In some embodiments using a continuous radiation
source, the continuous radiation source has emission 1n one
or more of the X-ray, UV, visible, or IR spectral regions. In
some embodiments using a continuous radiation source
having emission in one or more of the X-ray, UV, visible, or
IR spectral regions, the emission 1s chopped mechanically,
clectro-optically, or both. In some embodiments wherein the
emission 1s chopped mechanically, electro-optically, or both,
the emission 1s chopped 1nto time packets spanning 500
nanoseconds to 2 microseconds.

In some embodiments, there 1s a method for the laser
desorption of analyte molecular ions from a sample, com-
prising the steps of combining the analyte with a matrix
which absorbs laser light, the matrix comprising a compo-
nent selected from the group consisting of native fullerenes,
derivatized fullerenes, native nanotubes, derivatized nano-
tubes, and any combination thereof; and, wrradiating the
combined analyte and matrix with pulsed radiation from a
synchrotron spanning wavelengths of electromagnetic radia-
tion from UV to x-ray.

In some embodiments, there 1s a method for the desorp-
tion of analyte molecular 1ons from a sample, comprising the
steps of combining the analyte with a matrix which absorbs
radiation; and, 1irradiating said combined analyte and matrix
with radiation having energy just above the 1onization poten-
tial of the matrix. In some embodiments, the matrix com-
prises a native or derivatized fullerene, an 1morganic nano-
particle, or a combination thereof. In some embodiments,

the 1norganic nanoparticle comprises metal. In some
embodiments, the radiation 1s laser radiation.

The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that
the detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described heremnafter which form the
subject of the claims of the invention. It should be appre-
ciated by those skilled in the art that the conception and
specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures for carry-
ing out the same purposes of the present invention. It should
also be realized by those skilled 1n the art that such equiva-
lent constructions do not depart from the spirit and scope of
the invention as set forth 1n the appended claims. The novel
features which are believed to be characteristic of the
invention, both as to 1ts organization and method of opera-
tion, together with further objects and advantages will be
better understood from the following description when con-
sidered 1n connection with the accompanying figures. It 1s to
be expressly understood, however, that each of the figures 1s
provided for the purpose of 1llustration and description only
and 1s not intended as a definition of the limits of the present
invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present mnven-
tion, reference 1s now made to the following descriptions
taken 1n conjunction with the accompanying drawing, in
which:

FIG. 1 1s a schematic illustration of the MALDI-Ion
Mobility/Orthogonal Time-of-Flight mass spectrometer.

FIG. 2 1s a schematic 1llustration of the data acquisition
sequence for the 3D tissue 1imaging.

FIG. 3 1s a typical HV MALDI spectrum of a mixture of
three peptides.

FIG. 4 1s a 2D mobility-mass spectrum of angiotensin II
with C,,((CH,),COOH) 1n water/ethanol solution used as a
matrix.

FIG. 5 1s a 2D spectrum of cerebroside sulfate; C.,
(C,,H,;), solution in chlorotorm was used as a matrix.
Complexes with n=0, 1 and 2 are visible.

FIG. 6 1s a 2D spectrum of dynorphin 1-7; single wall
nanotubes functionalized with acidic (CH,),COOH groups
used as a matrix.

FIG. 7 1s a 2D MALDI IM-TOF spectrum obtained from
Srague Dawley rat brain tissue.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

As used herein, the articles “a,” and “an” signily both the
singular and the plural and mean one or more than one.

As used herein, the term “analyte” 1s broadly defined as
the species to be analyzed or determined and this includes
such species alone or 1n combination with other compo-
nents. This includes pure analytes with no other components
present, and it also includes analytes present in a complex
mixture such as a biological mixture. This latter example
includes biological or non-biological analyte in a tissue
sample.

As used herein, the term “denivatized” means chemically
modified by the covalent or non-covalent coupling of
organic functional groups such as carboxylic acids, alcohols,
amines, esters, ethers, amide, aldehydes, ketones, nitriles,
thiols, sulfide, sulfones, azides, anhydrndes, alkyl, alkenyl,
aryl; and inorganic functional groups such as phosphate,
carbonate, and metals such as the alkali metal, the alkaline
earth metals, the transition metals, the lanthanides, and
actinides. The chemical modification can also 1involve cova-
lent and non-covalent coupling to a chemical moiety
(wherein the chemical moiety contains more than one func-
tional group.

As used herein, ES 1s an abbreviation for and 1s defined
as electrospray and refers to an electrospray 10n source. ESI
1s an abbreviation for electrospray 1onization.

As used herein, IMS 1s an abbreviation for and 1s defined
as 1on mobility spectrometry. The abbreviation IM 1s defined
as 1on mobility and refers to a 1on mobility cell, especially
when 1t 1s used 1n conjunction with other analytical 1nstru-
mentation such as mass spectrometry.

As used herein, the terms “irradiation”, “irradiated”, and
“rrradiating”’, mean contacting with an energy source, such
as any form of electromagnetic radiation. Irradiation in this
context typically results 1n other processes on the atomic
level and the molecular level, such as desorption, absorp-
tion, ablation, etc.

As used herein, MALDI/IM/o-TOF 1s an abbreviation for
and defined as a matrix assisted laser desorption ionization/
ion mobility/orthogonal time-of-thght mass spectrometer.
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As used herein, IM/o-TOF 1s an abbreviation for and
defined as an 1on mobility/orthogonal time-of-flight mass
spectrometer.

As used herein, MALDI 1s an abbreviation for and 1s
defined as matrix assisted laser desorption ionization.

As used herein, MS 1s an abbreviation for and 1s defined
as mass spectrometry.

As used herein, “nanoparticle™ 1s a particle having dimen-
s1ons of from about 0.1 nm to about 1000 nm. An “inorganic
nanoparticle’” 1s a nanoparticle comprising morganic mate-
rial.

As used herein, “protein” 1s defined to mean any chain of
amino acids comprising two or more amino acids. This
includes peptides and proteins.

As used herein, SIMS 1s an abbreviation for and 1s defined

as secondary 1on mass spectrometry.

As used herein, TOF 1s an abbreviation for “time-of-
flight” and 1s defined as a time-oi-flight mass spectrometer.

As used herein, o-TOF 1s a time-of-flight mass spectrom-
cter having a flight tube arranged orthogonally to the sepa-
ration axis of a preceding separation technique.

In the present invention, the need for co-addition of
glycerol as i the MALDI method of Tanaka has been
climinated. A MALDI matrix comprising a native or deriva-
tized fullerene, or a native or derivatized nanospecies such
as a nanotube, 1s taught herein. In the case of derivatized
fullerenes an nanotubes, by chemically denivatizing the
surface of C., and other fullerenes (including, but not
limited to C,,, C,,, Cg,, etc.), and chemically denivatizing
related structures such as the various nanotubes, with a
chemical moiety, preferably an organic acid, organic alcohol
or with other chemical functionalities, the light absorbing
particle (e.g. the fullerene) and the 10mizing functionality
(e.g. organic acid, organic alcohol or other chemical moiety
which donates H* or Li*, Na™, K*, Rb™, Cs™) are integrated
onto the fullerene surface which 1tself can also physisorb the
molecular analyte. The present invention also encompasses
the derivatization of inorganic particles for the same pur-
pose. Thus the optical absorber, the 10onizing medium, and
the analyte are all together simultaneously when the matrix
1s 1rradiated with desorbing radiation. The “other chemical
functionality” may be organic or inorganic. Chemically
anchoring organic functional groups such as carboxylic
acids, alcohols, amines, esters, ethers, amide, aldehydes,
ketones, nitriles, thiols, sulfide, sulfones, azides, anhydrides,
alkyl, alkenyl, aryl, onto size selected fullerenes 1s also
possible as 1s the use of other particles besides fullerenes.
Other groups known to those of skill in the art are also usetul
in the present invention. The conventional MALDI acid
matrices may be used 1n the present invention by derivatiz-
ing fullerenes therewith. Illustrative but non-limiting
examples include nicotinic acid, benzoic acid, pyrazinecar-
boxylic acid, vanillic acid, cinnamic acid, benzyl alcohol,
phenol, and derivatives any one of these. Because the light
absorbing species 1n the present mnvention 1s the fullerene, 1t
1s also possible to use derivatizing agents which do not
absorb strongly, if at all. Thus, while the conventional
examples listed above all have an aromatic moiety capable
of significant UV absorption, the present invention incor-
porates the use weak UV absorbers such as aliphatic acids
and alcohols. These include acetic acid, propionic acid,
butyric acid, valeric, as well as ethanol, propanol, and
butanol. These examples are merely illustrative and not
exhaustive, and one of skill in the art would immediately
recognize the numerous possibilities for derivatizing agents
applicable 1n the present invention.

10

15

20

25

30

35

40

45

50

55

60

65

8

Additionally, other nanospecies may be used in place of,
or 1n addition to, fullerenes and fullerene clusters. For
example, carbon nanotubes, in particular, single-walled car-
bon nanotubes (SWNTs) may be used in the present inven-
tion. Like the fullerenes, these species may be derivatized
for use in the present invention. Nanoparticles of other
compositions may also be used. Inorganic nanoparticles are
also useful. These include, but are not limited to metal or
metal 1on clusters. These may be pure metals or combina-
tions of metal and may also include metallic compounds
such as metal oxides, etc. Nanoparticles of titanium nitride,
aluminum nitride, boron nitride, carbonitride, carbon boron
nitride, any combination thereof. Other inorganic materials,
known to one skilled in the art are also within the scope of
the present invention. The above list 1s merely illustrative
and not exhaustive and the skilled artisan 1s aware of other
substitutions which are also within the scope of the present
invention.

This approach has several advantages. The chemically
functionalized fullerene adsorbs biomolecules or other
desired analyte molecules from solution onto the surface of
the tullerene such that the resulting complex comprises, for
example 1n the case of protein analysis, the analyte peptide,
the light adsorbing carbon structure, and the proton donating
chemical functionality, all three of which are thus localized
in the same place at the same time. The light adsorbing
carbon structure has the advantage noted by Tanaka of
adsorbing light over a wide range of photon energies. Thus,
the analyte peptide desorption can be enhanced at wave-
lengths 1including—but not restricted to—the 357 nm pro-
duced by nitrogen lasers. The absorption of a laser photon by
the fullerene structure 1s extremely eflicient compared to
organic matrices because the fullerenes have a higher optical
absorption cross section over a much broader wavelength
range. Laser irradiation will result in high ionization efli-
ciency of the molecular analyte adsorbed to such a deriva-
tized surface. These same advantages are also realized in the
analysis of other biomolecules, including, but not limited to
nucleic acids, oligonucleotides, and constituent components.
Additionally, the methods and maternials taught herein are
applicable to molecular entities outside of the biomolecule
context such as synthetic polymers or small organic or
inorganic molecules including pharmaceuticals. Finally,
clemental species may also be used 1n the present invention.

Because both the optical absorption of the fullerene and
nanospecies particle and the chemical adsorption of the
biomolecular or molecular analyte on the surface of the
derivatized fullerene and nanospecies are strong and because
the 1on1zing chemical functionality may also be present on
the surface as well, the laser desorption of the ionized
molecular analyte 1s very etlicient at laser powers lower than
usually required when using the traditional orgamic acid
matrices for the MALDI analysis. The ability to use lower
laser power 1s thus one advantage of these matrices. Another
advantage 1s that only a very small molar ratio between the
derivatized fullerene matrix and the molecular analyte 1s
required to achieve good analytical sensitivity for the
adsorbed molecular analyte. Often when using organic acid
matrices an analyst must use molar ratios of up to 10000:1
matrix/analyte. In contrast, when using derivatized particles
such as fullerene for the matrix, adequate mass spectra may
be obtamned from mixtures having ratios of derivatized
matrix/analyte as low as 1:100. Although the 1deal range of
matrix/analyte ratio 1s 100:1 to 1:100, lower ratios of matrix/
analyte are possible. In other words, mass spectra can be
obtained when using these derivatized fullerene matrices 1n
the presence of large excess molar concentrations of the
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analyte. By contrast the use of the commonly used organic
acid matrices usually requires a large molar excess of the
matrix compared to the analyte.

Fullerene-based chemistry has been developing very rap-
1dly 1n recent years; see R. Taylor, Lecture Notes on Fuller-
ene Chemistry: A Handbook for Chemists, Imperial College
Press: London, 1988. It has led to applications 1n multiple
areas including electronic devices, sensors and polymers.
Since there are simple ways to derivatize fullerenes and
make the complexes water-soluble, multiple biological
applications have appeared as well. Fullerenes typically
provide a strongly adsorbing high surface area for other
species such as hydroxyl groups or acid groups to provide a
source of protons. This has the advantage of making fuller-
enes soluble 1n diflerent solvents so that solutions of fuller-
enes with bio-molecules can be prepared prior to depositing
as thin films for MALDI mass spectroscopy. The intimate
mixture will be the optimum situation for proton transier to
the sample species during laser vaporization. Alternatively,
preparation of hydroxylated fullerenes can be readily
accomplished by treatment with a strong base or by sulfona-
tion in oleum followed by neutralization with water. In
addition to the smallest possible 60 carbon atom containing
tullerene molecules, giant fullerenes with masses up to
10000 a.m.u. are also available. The more common fuller-
enes include C,, C,,, C,, and Cg,.

The second necessary condition of the MALDI matrix
performance—etlicient absorption of the laser radiation—is
satisfied by the optical properties of carbon clusters. More-
over, the advantage of carbon-based matrices 1s connected
with the possibility of using longer wavelength excitation
sources 1ncluding visible range lasers. This opportunity,
provided by the broad band absorption of fullerenes, as well
as of some types of nanotubes and other types of elemental
particles or compound particles, 1s very attractive and pro-
vides advantages to their use.

There are a number of other advantages that this new class
ol matrices possesses over conventional chemical MALDI
matrices. Experimental data shows that very low relative
amounts ol matrix are suflicient to achieve good signals
from biological samples; no recrystallization of the matrix 1s
required; 1n case of acidic functional groups no additional
components will be needed to decrease the pH of the
solution to promote eflicient 1onization as 1t 1s often 1s often
the case when using conventional organic matrices.

Finally, the biggest advantage lies 1n the potential absence
(due to the large size of fullerenes and nanotubes) of the
interference from the matrix signal in the low mass range,
which can be an obstacle in case the analysis of some low
mass analytes (such as aromatic drug molecules) or small
biological or biological fragments molecules are desired.
Moreover, both the high mass matrix interference and the
low mass matrix interferences can be avoided 11 one 1s to use
our newly demonstrated technique which combines Ion
Mobility/Orthogonal Time-of-Flight Mass Spectrometer
(IM/o-TOF) to form a superior MALDI mass spectrometer
(Gillig et al.; see also copending U.S. application Ser. Nos.
09/798,032 and 09/798,030, expressly incorporated by ret-
erence herein), as shown schematically 1n FIG. 1. Gillig et
al. have also combined Ion Mobility Spectrometry (IMS)
with MALDI for analysis of peptides and other large mol-
ecules at femtomole loading. The IM/o-TOF (1), allows
separation by IMS with a resolution of up to 50 on the basis
of 1on volume (shape) while retaining the inherent sensitiv-
ity and mass accuracy of orthogonal time of flight MALDI.
In the techmique of Gillig et al. the 1on mobility separates
laser desorbed 10ns according to their drift time determined
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by their charge to volume ratio. The second stage of the
MS-MS system 1s the time-of-flight mass spectrometer with
orthogonal extraction which provides continuous sampling
of the 1ons transported through the mobility cell with mass
resolution of up to 2500. A unique data acquisition electron-
ics and software allows collection of the mass-volume
information 1 2D. The MALDI chamber (2) comprises a
computer controlled X-Y stage (3). Valve (4) provides
pumping and valve (35) provides a gas inlet. A sample
modification beam (6) described in further detail herein,
may be, among other things, a metal 1on cluster beam, a laser
desorption/ionization source, an electrospray source, or an
generator and accelerator of 10nized aerosols. The sample
(7) 1s preferably a biological sample and resides on the X-Y
stage (3). Laser (8) 1s used to desorb analyte from the sample
(7). After desorption, the analyte 1ons enter the mobility cell
(9) and are separated according to their 10n mobility. Dii-
ferential pumping occurs across regions (10) and (11) 1n
order to lower the pressure from the relatively high pressures
of the mobility cell (9) to the low pressures of the time-of
flight mass spectrometer (12), the region of lower pressure
(11) houses focusing lenses 1n order to improve throughput
of 1ons 1nto the mass spectrometer (12). Signals from the
detector are processed by a series of components, including
a pre-amplifier (13), a constant fraction discriminator (14),
a time-to-digital converter (15), the signal then being fed
into a computer (16). The a time-to-digital converter (15), 1s
also 1 contact with a laser timing controller (17) which
feeds a high voltage pulser (18).

Compared to conventional MALDI/TOFs, this instrument
has the crucial advantage that the MALDI ions can be
separated according to their mobility charge/volume ratio
prior to the mass separation and thus minimizing spectral
congestion. It allows performance of IMS/MS (Ion Mobility
Spectrometry-Mass Spectrometry) by inducing fragmenta-
tion of selected parent 1ons to sequence unknown peptides.
This cannot now be efliciently done 1n currently available
MALDI/TOFs.

This mstrument allows reexamination of unusual materi-
als that have historically been excluded for use as matrix
(such as porphyrins and other higher mass light adsorbing,
structures) because of the introduction of i1sobaric mass
interferences. As previously noted, 1sobaric interferences
from the particle matrix has been one of the major reasons
that the technique developed by Tanaka has not been more
widely used. By using MALDI/IM/o-TOF, however, the
shape of the matrix 1ons may often be quite different than the
molecular analytes such as peptides or proteins, and thus,
1sobaric masses are separated on the basis of mobility drift
time before entering the mass spectrometer. The surface
modified fullerenes will be only the first of such new
nanoparticulate MALDI matrix types made possible by the
new MALDI/IM/o-TOF.

In addition to the smallest tullerene (C,), 1t 1s possible to
use larger size fullerenes and nanotubes such as single
walled nanotubes (SWNT). Use of larger sizes of these
clusters will lead to different mechanisms of the large
peptide/protein adsorption, which may in turn, provide
enhanced desorption/ionization efliciencies.

There are several methods of the sample preparation using
fullerene or nanotube based matrices. In one embodiment,
the matrix solution or suspension i1s premixed with the
analyte solution and then deposited on a MALDI target,
similarly to a conventional dried droplet method used for
chemical acid matrices. Alternatively, the matrix solution or
suspension 1s deposited on top of the analyte, which has
been previously deposited on the target either in form of
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solution, tissue slice, or impacted in form of aerosol par-
ticles. In yet another approach, the matrix can be deposited
first, and the analyte incorporated second in form of particles
or solution that 1s subsequently dried. As a variation of the
latter method, which implies simple adsorption and aggre-
gation ol the matrix on the target, the derivatized carbon
matrix can be deposited to form specific chemical attach-
ment to the surface in order to obtain more controlled
coverage, and thus provide reproducible and spatially uni-
form signal from the analyte.

In another approach, the carbon matrix can be deposited
by using an electrospray (ES) source. One can expect that
Cqo-based matrix compounds are more likely to remain
intact during ES 1onization since 1t occurs 1n a liquid phase.
We can 1nstall a separate mobility cell with a time gate after
the ES source i order to purily the 1on beam and obtain a
single component source.

In yet another approach, the matrix can be co-deposited
with the analyte by aerosolization of the mixture solution
and 1mpacting the aerosol onto a standard stainless MALDI
sampling plate surface. First, solutions (preferably aqueous)
of analyte and matrix are mixed and atomized by using a
collision atomizer to form a few micrometer droplets of the
solution. The droplets can be then mtroduced to a tlow tube
where a tlow of ultra-high purity gas promotes water evapo-
ration in the droplets. Since both analyte and matrix are
involatile they remain in the droplet during drying. Solid
particles with the desired mixture of the matrix and analyte
are formed after complete drying. The composition 1n each
atomized droplet 1s thus the same as in the solution. The
acrosolized solid matrix/analyte particles are deposited onto
a stainless steel MALDI sample plate by directing the gas
stream onto a stainless steel MALDI plate. This way very
uniform spatial distribution and intermixing of matrix and
analyte molecules can be achieved. The solutions of matrix
or analyte or both, may also be buflered. While 1t 1s preferred
that the matrix and analyte be 1n separate solutions prior to
mixing, they may be mixed outside of solution and then put
into solution already as a mixture.

Fullerene-based materials can be beneficial 1n cases when
the interference from the matrix should be avoided, or where
thorough mixing and co-crystallization of matrix and analyte
1s either not desirable or impossible. For example, deposit-
ing a monolayer coating of the denivatized C., onto a
biotissue sample will provide a significant advantage for
molecular analysis from such intact biological structures.
The use of an electrospray source with time gated mobaility
cell, so that a purified 1on beam provides a uniform coverage
of the MALDI target, will allow for the depth profiling of
complex biological samples, such as tissues. Once the top
layer containing the matrix 1s desorbed and analyzed, a new
layer of carbon clusters 1s deposited, and thus a new tissue
layer can be analyzed. Due to much stronger radiation
absorption of carbon clusters, this process can be performed
without a significant damage to the underlying layers. This
technique will have significant advantages over currently
employed methods that utilize conventional chemical matri-
ces and require dissolution of biological material i the
solution containing the conventional matrix that 1s spotted
on top of the tissue. Use of conventional prior art methods
significantly limits the variety of molecules that can be
analyzed due to the solubility, and excludes the possibility of
fine depth profiling.

The data acquisition for the 3D tissue 1maging proceeds
by the following steps of 1) adding a dispersed thin layer of
matrix, 2) acquiring 2D spatially resolved mobaility resolved
mass spectra by moving a focused laser beam from spot to
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spot until all the added matrix has been ablated 3) storing the
spatially resolved mobility resolved mass spectra 1n a com-
puter, 4) and repeating steps 1-3 until a desired amount of
material has been removed. This sequence 1s shown sche-
matically i FIG. 2. Imitially, in situ deposition of the
derivatized particle matrix 1s performed uniformly over the
desired area of the tissue sample surface. A nitrogen laser for
example 1s then focused precisely to a 20 um diameter point
(located at x and y) on the sample surface and pulsed to
produce a spatially localized MALDI/Ion Mobility/o-TOF
mobility/mass spectrum. Copending patent application Ser.
No. 10/155,291 describes a unique way of acquiring the
MALDI/Ion Mobility/o-TOF mobility/mass spectrum. The
top diagram 1llustrates the expanded timing sequence used to
acquire a two-dimensional Ion Mobility Time vs. Mass
spectrum. The timing of consecutive o-TOF extraction
pulses 1s offset slightly with respect to each individual laser
pulse (all under computer control) to increase the effective
mobility resolution that would otherwise be limited by the
extraction period of 100 us in the figure. This interleaving of
the extraction pulses with respect to the laser pulse results in
5 us or better mobility time resolution. Also the use of
specially designed multianode detectors (see copending
application Ser. No. 10/155,291) can reduce the number of
such interleavings and even further increase the mobility
resolution for a given number of laser pulses.

When the matrix material at a specific x-y position has
been completely desorbed, which 1s determined either by
signal loss or after a known number of laser shots, the
sample 1s moved along the x direction to a point (x+dx, vy).
The laser spots at (X, y) and (x+dx, y) are preferably
overlapping for oversampling and more complete area cov-
erage. During the sample motion, the laser may be turned
ofl. Successive sample motion along x axis/MS acquisition
steps are 1terated and yield a line image for the mobility drift
time-mass region of interest. At the end of the line, the
sample 1s moved along the y direction (dy). This laser
rastering generates a 2D 1mage of the top sample layer. A
method to measure three dimensional distributions of
molecular or elemental analyte within a sample (“molecular
depth profiling™) can be performed since the nanoparticulate
matrix 1s so eflicient and 1s spatially localized within the first
few nanometers of the sample surface. Because the particu-
late matrnix 1s so spatially localized, a desorption laser
wavelength and power can be chosen so that optical adsorp-
tion 1s almost exclusively within the nanoparticulate and
thus only the top-most few nanometers of nanoparticulate
matrix and analyte are removed. Upon complete desorption
of the nanoparticulate matrix, laser desorption stops, and the
nanoparticulate matrix must be reintroduced again. For
depth profiling the sequence of matrix deposition/2D 1mage
acquisition sequence 1s repeated. From the separately stored
images a 3D picture of the spatial molecular distributions
can be reconstructed.

Acquisition of the MALDI/IM/o-TOF mobility resolved
mass spectrum at each laser spot should be under computer
control. The entire MALDI/IM/o-TOF mobility resolved
mass spectrum could be saved at each location or alterna-
tively the computer could be programmed to select marker
biomolecules at specified mobility drift time and mass in
real-time. Alternatively, with acquisition parameter control,
a larger predefined region of the MALDI/IM/o-TOF mobil-
ity resolved mass distribution 1s acquired and integrated
followed by a windowing of an area of mobility drift time
and mass which 1s used to reduce the entire the MALDI/
IM/o-TOF mass resolved spectrum to a single intensity
number associated with each x-y sample position. This could
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reduce the size of the data sets at each x-y point on the
surface when the spatial distribution of a few known mol-
ecules of 1interest 1s desired. Once a particular method of data
reduction of the MALDI/IM/o-TOF mobility resolved mass
spectrum 1s chosen, the 3D distribution of molecules 1s
created by successive steps of acquiring the 2D spatially
resolved data, adding matrix, and repeating the next set of
2D spatially resolved data until the desired depth resolution
has been achieved. A depth scale can be established by
dividing the crater depth produced after laser desorption by
the number of times the 2D spatial images have been
acquired. The crater depth may be measured by many
techniques known to those skilled 1n the art including but not
limited to stylus profilometry, optical profilometry, or scan-
ning atomic force microscopy. Alternatively, non-contact
optical methods can be employed to measure the evolution
of the crater depth as a function of the number of 2D 1images
acquired.

Some common iorganic particles useful in the present
invention include, but are not limited to, titanium nitride,
aluminum nitride, boron nitride, carbonitride, carbon boron
nitride, and any combination thereof. The inorganic particles
may also comprise metal. In the case of metal this may be
a metal cluster, preferably a finely divided metal cluster.
Examples include, but are not limited to, gold, molybdenum,
copper, copper lithium alloy, platinum, and any combination
thereof.

For any of the possible matrices useful in the present
invention, although any analyte species may be analyzed
using the method, 1t 1s best suited for the analysis of
biological analytes, including, but not limited to, proteins
(such as antibodies, enzymes, and other proteins), nucleic
acids and oligonucleotides. Lipids are also potential analytes
tor the method of the present invention. Other analytes, such
as drugs and drug metabolites (including pharmaceutical
drugs and illicit drugs of addiction) are also amenable to
analysis using the method of the present invention. The
analyte may also be a synthetic organic or inorganic poly-
mer. It may be a herbicide, pesticide, or explosive.

Derivatization may include the covalent or non-covalent
bonding of various chemical moieties to the matrix material.
These chemical moieties include nicotinic acid, benzoic
acid, pyrazinecarboxylic acid, vanillic acid, cinnamic acid,
benzyl alcohol, phenol, acetic acid, propionic acid, butyric
acid, valeric acid, derivatives thereot, and any combination
thereol. Other examples of the chemical moieties include
alcohols such as ethanol, propanol, butanol, 1somers thereof,
and any combination such alcohols. When the matrix com-
ponents have acid and/or alcohol functionalities, they may
be further functionalized with alkali metal 10ns. A quater-
nary amine (such as acetylcholine and ammonmium hydrox-
ide) may be attached y salt formation to the matrix. Bio-
logical molecules or portions thereof, such as proteins and
epitopes may be used to derivatize the matrix material. One
non-limiting example includes the derivatization with a
biotin tag. Alternatively or additionally, derivatization may
be accomplished using long chain fatty acids. Alternatively,
enzymes, antibodies, specific sections of DNA, RNA or their
complements, or combinations thereof, may be attached to
the nanoparticulate surface to promote biologically specific
binding to the so derivatized surfaces.

Although any form of radiation may be used to irradiate
the analyte/matrix in the MALDI method of the present
invention, laser light, and 1n particular pulsed laser light 1s
preferred. Preferably, such laser light falls 1n the ultraviolet
spectral region, but 1t may also fall in other spectral regions
such as the visible or infrared spectral regions. The radiation
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may also be from a continuous source. Preferably, such a
continuous source has emission in the UV, visible, or infra-
red regions of the electromagnetic spectrum, but it may also
be from outside these spectral regions. The continuous
radiation source may be chopped, either mechanically, or
clectro-optically, or both. When chopped, 1t 1s preferable that
it 1s chopped into time packets spanning 500 nanoseconds to
2 microseconds. This can be particularly useful when the
radiation 1s tuned just above the 1onization potential of the
nanoparticulate matrix to produce low (or zero) energy
photoelectrons from the nanoparticulate surface which can
enhance 1omzation of bioanalytes—particularly negative 1on
formation. Using these energetic tunable photon sources or
alternatively a fixed wavelength of just suflicient energy to
photoeject low energy electrons from the nanoparticulate
matrix affords an excellent capability for producing analyte
ions—particularly negatively charged analyte 1ons. This
usetul feature of the cluster matrices for enhancing ioniza-
tion makes use of the broad and strong optical absorbance of
the cluster when coupled with a laser wavelength (or mul-
tiphoton combination of wavelengths) which 1s just above
the 1on1zation potential of the cluster. When the adsorbate/
cluster combination i1s irradiated with such an energy of
photon (or photons) low (or even zero) energy photoelec-
trons can be produced from the cluster which will resonantly
attach to the bioanalyte to form stable negative bioanalyte
101S.

Another preferred form of radiation 1s pulsed radiation

from a synchotron. Preferably, the method would used
wavelengths from the ultraviolet region to the x-ray region.

EXAMPLES

The following examples are merely 1llustrative and not
exhaustive. One of skill in the art, upon reading the
examples would understand that the instrument and methods
disclosed herein are applicable to other problems as well.
Equipment

The experiments were performed using two main instal-
lations: the Ionwerks MALDI/Ion Mobility/o-TOF and the
Applied Biosystems VOYAGER SYSTEM 6101 high
vacuum MALDI. The MALDI/Ion Mobility Spectrometer 1s
schematically illustrated 1n FIG. 1.

Sample Analysis

A variety of peptide, lipid, and protein samples were
analyzed. The MALDI targets were prepared using conven-
tional dried droplet method. Due to generally low solubility
of fullerene and nanotube matrices, their saturated solutions
were produced by centrifuging the suspensions of particles
in various solvents, including water, ethanol, chloroform,
etc. In cases of particularly low solubility, fine suspensions
of the materials were mixed with analyte or deposited on top
of the spot containing dried analyte solution.

A series of functionalized fullerenes (derivatives of Cg,)

as matrices for peptides using both High Vacuum MALDI
and MALDI/Ion Mobility techniques were tested. The tested

compounds include C,,((CH,).COOH) , C.,(C,,H,5),.
CeoCsHs, and others.

Example 1: C,,((CH,),COOH) as a MALDI
Matrix for Peptides and Proteins

This compound has up to 6 attached chains (as shown by
solid state NMR). This functionalized fullerene 1s only
moderately soluble 1n water-ethanol (50:50) and water-
acetonitrile (50:50) at levels of approximately 0.1 mg/ml,
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and has even poorer solubility 1n water. In solution 1t forms
a strong acid with the pH of between 1 and 2.

MALDI data shows that the bonding 1s weak enough so
that the complexes do not show up distinctively on spectra,
most likely not surviving the laser desorption or transierring
their charge to the analyte, so that a strong signal of a bare
C4o molecular 10n 1s observed. The same result was obtained
when using both direct laser excitation of the fullerene, or by
premixing 1t with MALDI matrices such as CHCA and
sinapinic acid.

However, the attachments still play a crucial role 1n the
matrix performance; as pure C,, does not work as a MALDI
matrix, even if 1t 1s prepared using acidic media with similar
chemical composition.

Measurements have demonstrated that high quality mass
spectra of peptides and proteins can be obtained even when
using very low concentrations of derivatized matrix. This 1s
in stark contrast to the results from the same peptide or
proteins when analyzed by conventional MALDI 1n which
large excesses molar concentrations of the small organic
matrices relative to the analyte are required. FIG. 3 demon-
strates a typical HV MALDI spectrum acquired using a
derivatized matrix premixed with a solution of three pep-
tides and deposited onto a MALDI target plate. Distinct
peaks corresponding to M+H™ 1ons are observed with good
signal/noise ratio after only a few tens of laser pulses. It was
found that in contrast to the case of conventional chemical
matrices where high matrix/analyte concentration ratios are
usually required, the situation 1s opposite for C., based
matrices. It was determined that the best quality spectra—
highest signal/noise ratio, low fragmentation and predomi-
nance ol the M+H peaks compared to that of sodiated 1ons
and potassiated 1ons—were routinely obtained at the matrix/
analyte molar ratio between 1/1000 and 1/100. At higher
matrix concentrations slightly higher peptide signal could be
obtained, but the spectrum became more crowded, and
sodiated 10ons became predominant. The sodium was deter-
mined to be an impurity 1n the peptide solution. Elimination
of the alkali 1n the original solutions promotes the prefer-
ential formation of the M+H™ 1on even at the higher con-
centrations of matrix and peptide.

It was also determined that the 1on signal only weakly
depends on the peptide concentration in the low picomole
range when the matrix/analyte ratio 1s below 1. This unusual
dependence 1s likely due to the mechanism of the analyte-
matrix attachment 1n solution, when only a certain number
of peptide chains can be attached to one fullerene. In a large
excess of the analyte, the higher peptide concentration does
not lead to any increase in the i1omzation because the
adsorption of peptide onto available derivatized tullerenes 1s
saturated.

Likewise, a weak dependence of the signal upon the
tullerene concentration can be explained either by the short-
age of peptide (at high matrix/analyte ratio), or by a gentle
character of the laser ablation which nvolves only the
topmost monolayers of the sample (at high loads).

A comparison of the peptide signals when using standard
matrices such as a-cyano-4-hydroxycinnamic acid (CHCA)
and functionalized C., matrix was performed. While the
latter was found to be less eflicient than the chemical matrix,
the carbon matrices and their performance are far from
optimized. This mncludes both choices of functional groups,
concentration ranges and sample preparation techniques.

Even in the case when the matrix signal i1s in the same
mass range as the analyte signal, this hindrance can be
overcome by using 2D mobility-mass spectra acquisition.
FIG. 4 preliminary data from a sample prepared by the
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dried-droplet method of a mixture of angiotensin II and
Cqo((CH,),COOH), matrix. The 1ons of C,, cluster and its
higher mass dertvatives are well separated by mobaility from
the angiotensin II parent 1on and 1ts fragments. In addition
to the parent 10n, there are minor 10ns also present at higher
mass which are in part identified as M+K 1ons and other
adducts. The data also shows that high mass proteins can be
cllectively analyzed using fullerene-based matrices.

Example 2: Carbon Matrices for Lipids

The use of non-water solution-based derivatized fuller-
enes as MALDI matrices for non-water soluble molecules
such as lipids was tested. A saturated solution of C,
(C,,H,3), 1n chloroform was used to obtain a test mobility-
mass spectrum of cerebroside sulfate (FIG. 5, the instrument
operating in low resolution mode). The nature of the 2D plot
allows the easy separation of the lipid signal from that of the
matrix. Although the fullerene that was used might not be
the optimal choice since i1t can contain up to six C,,H,,
chains, the demonstrated feasibility of this approach to
biomolecules other than peptides/proteins 1s apparent to one
skilled 1n the art.

Example 3 Carbon Nanotubes

Experiments using functionalized carbon nanotube mate-
rials as MALDI matrices for small peptides were performed.
Single wall nanotubes with attached acid groups such as
—CH,CH,COOH were used 1n form of water suspension
(the solubility of these functionalized SWNTs 1s very low).
The samples were prepared by dried drop method combining
equal amounts of the suspension and the peptide solution. It
was found that functionalized nanotubes’ performance as
matrices 1s somewhat similar to that of fullerenes with
similar functional groups. FIG. 6 shows a 2D mass-mobility
plot of the sample containing dynorphin 1-7.

The similarity 1s both in the intensity of the peptide
signals and the relative abundance of M+H and M+Na
peaks. This suggests the similar 1omization mechanism
dominated by the presence of acidic adducts, and, probably,
similar desorption mechanisms due to the optical absorption
of these two carbon materials. The important advantage of
the SWN'Ts 1s the absence of matrix signal in the wide range
of 10on mass due to very large size and relative stability of
single nanotubes and low mass of acid adducts. Therefore
there 1s only one trend line on the plot 1n FIG. 5 formed by
the peptide and 1ts adducts/fragments.

Example 4 Applicability of Derivatized Fullerenes
to Tissue Analysis

The applicability of derivatized fullerene matrix to the
analysis of tissues 1s demonstrated. Direct mass spectromet-
ric analysis of native biological products and/or tissues 1s
one of the exciting prospects 1n analytical biochemistry.
Recent investigations on tissue 1maging using MALDI are
beginning to yield important molecular information 1n many
areas ol biological and medical research. MALDI 1maging
of peptides and proteins expressed in tumor and healthy
tissue may reveal correlations between certain marker pro-
teins/peptides and the disease state. However the uniform
incorporation of organic MALDI matrix remains probably
the greatest difliculty for a successtul MALDI image analy-
s1s. Wet matrix treatment of the tissue sample surface suflers
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from inhomogeneous matrix crystallization. The spatial dis-
tribution of the targeted proteins can also be easily per-
turbed.

The use of new fullerene matrices or other nanoparticulate
matrices ofler significant advantages as an alternative
method for homogeneous, non-destructive and uniform
matrix icorporation into near-surface regions of bio tissues.
Ionization of the nanoparticulate matrix may be by using
laser ablation (with or without matrix), electrospray source,
or aerosol generator/ionizer source (1n which aerosol par-
ticles are generated by well known methods from solutions
or fluidized particulates followed by 10mization) each source
of which may be used to directly implant the 1onized
nanoparticulate ito the biosurface (e.g. tissue slices). Alter-
natively any of the 1onized nanoparticulates may be mjected
into a mobility cell which 1s iterposed between the sample
ion source and the analyte surface. The mobility cell allows
for selecting the 10ns or 10nized particulates produced by the
ionization source. Gating techniques can be used to mobaility
select only a certain size range of 1ons which are then
deposited onto the sample surface. The energy of the 1oni1zed
particulate can be manmipulated by adjusting gas pressures
and voltages between the exit of the mobility cell and the
sample. In this way the energy can be tuned to soft land the
particulate onto the top of the surface or, by increasing the
energy, the particulate can be mjected 1nto the near surface
layer. Thus upon transport through the mobility cell, they are
cooled and soft-land onto the biological tissue sample (or
other surface of interest). Of course this techmque would
work for other surfaces besides biological tissues and with
other particulate matrices besides fullerene or other nano-
particulate including but not limited to gold or silver clus-
ters, carbon or fullerene particulates, wide-bandgap nitrides,
transition metal clusters, and any of these particulate which
have been surface modified.

FIG. 7 shows the 2D MALDI IM-TOF MS spectrum
obtained from Sprague Dawley rat brain tissue. The C,,
((CH,),COOH), matrix solution was deposited on top of the
prepared tissue slice and air dnied. A good separation
between the tissue lipids and peptides (corresponding trend
lines are shown), as well as the matrix 1on signals 1s
observed. Thus the two major classes of brain tissue mol-
ecules which are resolved by mobility mn FIG. 7 can be
quickly and rigorously assigned to potassiated sphingomy-
clin and peptides based simply on their slope 1n the 1on
mobility-m/z chromatogram.

Although the present invention and its advantages have
been described 1n detail, 1t should be understood that various
changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention
as defined by the appended claims. Moreover, the scope of
the present application 1s not mtended to be limited to the
particular embodiments of the process, machine, manufac-
ture, composition of matter, means, methods and steps
described in the specification. As one of ordinary skill 1n the
art will readily appreciate from the disclosure of the present
invention, processes, machines, manufacture, compositions
ol matter, means, methods, or steps, presently existing or
later to be developed that perform substantially the same
function or achieve substantially the same result as the
corresponding embodiments described herein may be uti-
lized according to the present invention. Accordingly; the
appended claims are mtended to include within their scope
such processes, machines, manufacture, compositions of

matter, means, methods, or steps.
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What 1s claimed 1s:

1. A method of preparing and analyzing a tissue sample
comprising the steps of:

combining the tissue sample with a matrix, said matrix

comprising 1onized morganic nanoparticles wherein the
combining step further comprises the step of 1injecting
the matrix within a near surface layer of a slice of the
tissue sample, wherein the near surface layer comprises
a first few nanometers of the slice of the tissue sample,
and,

analyzing said combined tissue sample and matrix by

laser desorption mass spectrometry.

2. The method of claim 1, wherein the 1norganic nano-
particles are selected from the group consisting of nanopar-
ticles of titanium nitride, aluminum nitride, boron nitride,
carbonitride, carbon boron nitride, and any combination
thereof.

3. The method of claim 1, wherein the inorganic nano-
particles comprise metal.

4. The method of claim 3, wherein said metal 1s selected
from the group consisting of gold, molybdenum, copper,
copper lithium alloy, platinum, and any combination thereof.

5. The method of claam 1, wherein the nanoparticles
comprise silver clusters.

6. The method of claim 1, wherein the nanoparticles
comprise at least one of gold clusters, wide-bandgap
nitrides, and transition metal clusters.

7. The method of claam 1, wherein the injecting step
comprises manipulating an energy of the 1onized 1norganic
nanoparticles by at least one of adjusting gas pressures and
voltages to mject the 1omzed mnorganic nanoparticles into at
least a near surface layer of the slice of the tissue sample.

8. The method of claim 1, wheremn the tissue sample
comprises an analyte.

9. The method of claim 8, wherein the matrix and analyte
are combined 1n a ratio of matrix:analyte of from 10:1 to

1:10000.
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10. The method of claim 8, wherein the matrix and analyte
are combined 1n a ratio of matrix:analyte of from 1:1 to

1:1000.

11. The method of claim 8, wherein the analyte comprises
protein.

12. The method of claim 11, wherein said protein com-
prises antibodies or enzymes.

13. The method of claim 8, wherein the analyte comprises
a component selected from the group consisting of nucleic
acids, oligonucleotides, any constituent components thereof,
and any combination of the foregoing.

14. The method of claim 8, wherein the analyte comprises
lipoproteins.

15. The method of claim 8, wherein the analyte 1s a lipid
selected from group consisting of phospholipids, ceramides,
derivatives thereof, and any combination of the foregoing.

16. The method of claim 8, wherein the analyte comprises
a component selected from the group consisting of glyco-
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sylated proteins, glycosylated lipids, lipopolysaccharides,
glycans, and any combination of the foregoing.

17. The method of claim 8, wherein the analyte comprises
synthetic organic polymers, synthetic tnorganic polymers, or
both.

18. The method of claim 8, wherein the analyte comprises
small organic molecules, organometallic molecules, or both.

19. The method of claim 18, wherein said analyte com-
prises a component selected from the group consisting of
herbicides, pesticides, explosives, pharmaceutical drugs,
and any combination thereof.

20. The method of claim 8, wherein the analyte 1s a drug

ol addiction.
21. The method of claim 20, wherein said drug of addition

1s selected from the group consisting of cocaine, morphine,
heroin, amphetamine and derivatives thereof.
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